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of host tissues and develops haustoria in the cells (Diez-Navajas et al., 2006) . Occurrence of oomycete downy mildew depends mostly on climate; for the infection spreading is necessary frequent rain, wet during vegetative growth of vine (e.g. Lafon and Clerjeau, 1988) and cool climates (optimum 20-25 ºC) . Plasmopara viticola attacks all parts of the plants (e.g. fl owers, grapes), but mostly leaves. Symptoms of infection typically appear as areas of yellowishgreen oily spots in diff erent size. The spots are large, irregular and bounded. They appear ca 7 days a er infection (Cséfalvay et al., 2009) . In wet weather, on the abaxial part of the leaves, white coating of sporangia and mycelium appears. Spots gradually turn brown, chlorotic and become necrotic, mostly delimited by the main veins, which are accompanied by profuse sporulation .
Usually, biological interaction between plant and pathogen results in alternation of several physiological processes of the host plant, resulting in changes in carbon metabolism and primary photosynthesis, followed by changes in pigment composition (e.g. Mandal et al., 2009; Rolfe and Scholes, 2010; Moriondo et al., 2005) . All such metabolic changes aff ect optical properties of the leaves.
Optical signals of the plants have been frequently used for pre-symptomatic detection of biotic stress of plants (e.g. Romer et al., 2011; Cséfalvay et al., 2009) . Chlorophyll fl uorescence emission (Chl-F) is undoubtedly one of the most powerful optical signals that non-invasively reports on the processes of light capture and its photosynthetic use thanks to its close relationship with photosynthesis (e.g. Papageorgiou and Govindjee, 2011; Bjorn et al., 2009; Roháček et al., 2008) . Chl-F is not a static variable. Simply stated, Chl-F yield is the highest, when photochemistry is the lowest; and vice versa. When dark -adapted healthy leaf is exposed to actinic light, the induced Chl-F displays characteristic changes in its intensity accompanying the induction of photosynthetic activity (e.g. Papageorgiou et al., 2011) . The interpretation of Chl-F signals has been reviewed in a number of detailed papers and books (e.g. Papageorgiou and Govinjee, 2004; Roháček, 2002; Maxwell and Johnson, 2000) , as well as Chl-F has been frequently used for an early detection of the various infections before the occurrence of visible symptoms (e.g. Rolfe, 2010; Cséfalvay et al., 2009; Nedbal and Whitmarsh, 2004; Barbagallo et. al., 2003) . Distribution of Ch-F emission over the grapevine leaves has been successfully used for pre-symptomatic detection of Plasmopara viticola infection (Cséfalvay et al., 2009) . Here, as the most sensitive reporters of the Plasmopara viticola infection were identifi ed maximum (F V /F M ) and eff ective ( PSII ) quantum yield of photosystem II.
Refl ectance signal is predominantly used in remote sensing (e.g. Wu et al., 2008; Blackburn and Ferwerda, 2008) . Spectrum of refl ected light from the leaf surface is strongly dependent on the physiological state of the plant (e.g. Merzlyak et al., 1997; Ustin et al., 2004) . Refl ectance, thanks to properties of pigments participated in light absorption provides non-invasive insight to pigment composition of leaves. Essential pigments aff ecting the optical properties of leaves are chlorophylls (Chl), carotenoids (Car) and plant phenolics. Among others, Chl play indispensable role in capturing the light energy during the primary photosynthesis (e.g. Lodish et al., 2000) and Car play signifi cant role in photoprotection (Davies, 2004) .
Spectrum of refl ected light in visible light (400-800 nm) is dominantly characterized by the absorption spectrum of Chl; i.e. high refl ectance in green (500-600 nm) and minimal refl ectance in red region (660-700 nm). Number of vegetation indices (VIs) has been defi ned from the variation of the refl ected light spectrum to calculate concentrations of particular pigments in leaves/canopy (e.g. Blackburn, 2007) . The most frequently used VIs for Chl estimation in single leaves are: R 750 /R 550 (Gitelson and Merzlyak, 1994) , R 750 /R 700 (Gitelson and Merzlyak, 1994) , (R 780 -R 710 )/(R 780 -R 680 ) (Maccioni et al., 2001) . Estimation of Car absorbing in blue region is more complicated since it is aff ected by an overlap of their absorption spectra with those of Chl, and by their relatively low concentration in comparison with Chl. By using terms corresponding to light absorption both for Chl and Car, and term related only to Chl absorbtion, carotenoid refl ectance indices CRI (Merzlyak et al., 2003; Gitelson et al., 2002) was designed for Car estimation.
Early information of crop physiology and possible detection of disease in fi eld conditions can lead to eff ective strategy of wine producer and the resulting proper management. Visualization of the infections, even before they are visible, can be imaged by the heterogeneous optical signals and thus precede their expansion. In this study we have investigated changes in optical signals (Chl-F and particular refl ectance indices) of grapevine leaves naturally infected by fungus Plasmopara viticola that can be used for its pre-symptomatic detection in fi eld. We have focused on three susceptible grapevine varieties: Cabernet Sauvignon (CS), Pinot Blanc (PB) and Pinot Gris (PG).
MATERIALS AND METHODS

Plant material
Leaves of three susceptible grapevine plants have been sampled in experimental vineyard (Department of Viticulture and Oenology, Lednice, Czech Republic, 48°47'24.16"N; 16°47'53. 61"E), on 17 th July 2011. Healthy and infected leaves were collected both from sunny and shade part of the plants. The infection has been in the state of chlorotic spots formation on the upper side of the leaves, i.e. ca 7 days a er inoculation (Cséfalvay et al., 2009) . To avoid drying and to preserve the freshness of leaf samples, each petiole was coated by wet cellulose and transported immediately to the laboratory in plastic bags by using portable refrigeration unit, setted up to 15 ºC. In total, 30 samples have been collected, 15 healthy leaves and 15 infected leaves. Chlorophyll fl uorescence and refl ectance measurements as well as pigment analysis have been done on each collected leaf.
Chlorophyll fl uorescence measurements
Chlorophyll fl uorescence (Chl-F) measurements was done by using commercial kinetic imaging fl uorometer (OpenFluorCam 70MF, Photon System Instruments, Brno, Czech Republic) in the laboratory directly situated in the vineyard. Before each measurement, grapevine leaves were dark adapted for 20min. Then, minimum Chl-F in dark (F 0 ) was determined using fi ve measuring fl ashes generated by two panels of light-emitting diodes (LEDs,  MAX = 635 nm). Subsequently, short saturating fl ash (1.500 μmol photons m ) and the Chl-F induction has been captured during which peak level of Chl-F reached a er ca 1s (F P ) and steady state Chl-F level a er 190 s of actinic light were measured. Chl-F transient was recorded by CCD camera in series of 512 × 512 pixel images of 12-bit resolution.
Chl-F parameters F 0 , F M , Fp, and F S values were determined. Then, three derived Chl-F parameters have been calculated: maximum quantum yield of PSII photochemistry (F V /F M , Kitajima and Butler, 1975) according to following formula: F V /F M = (F M − F 0 )/F M ; Fd = F P − F S and time, in which Fd/2 has been reached. Distribution of Chl-F over the leaves as well as values of the Chl-F parameters of the healthy and infected leaf tissue have been inspected.
Refl ectance measurement
Hemispherical, adaxial leaf refl ectance measurements were carried out directly in vineyard using commercial optical spectrometer (Spectrometer SM 9000, Photon System Instruments, Brno, Czech Republic). The refl ectance spectra (400-800 nm, 1nm resolution) of healthy and infected leaf tissue were measured directly in vineyard by using leaf clip. For each sample, ten refl ectance spectra were measured on diff erent places over the leaf and averaged.
Followed vegetation refl ectance indices (R 850 − R 710 )/(R 850 − R 680 ) (Datt, 1999) , R 750 /R 700 (Gitelson and Merzlyak, 1994) , (R 780 − R 710 )/(R 780 − R 680 ) (Maccioni at al., 2001) were calculated to estimate chlorophyll concentration; CRI = R NIR (1/R 510 − 1/R 550 ) ( NIR = 760-800 nm, Merzlyak et al., 2003) and CRI1 = 1/R 510 − 1/ R 700 (Gitelson et al., 2002) were calculated to estimate carotenoids concentration.
Pigments determination
Fresh leaf discs were cut from healthy leaves and infected spots in infected leaves and stored in liquid nitrogen. Then, the samples have been homogenized and pigments have been extracted using 100% methanol. Small amount of MgO to prevent chlorophylls (Chl) degradation was added. Pigment contents have been determined spectroscopically, absorption spectra at wavelengths 470 nm, 652.4 nm and 665.2 nm have been measured using spectrophotometer (Spectrophotometer Lambda, PerkinElmer, Messatchusetts, USA). Chlorophyll-a, chlorophyll-b and total carotenoids concentrations were calculated according to Lichtenthaler (1987) . The pigment content was expressed on a leaf area basis.
RESULTS AND DISCUSSION
Chlorophyll fl uorescence F V /F M is frequently used Chl-F parameter for estimation plant-fungal interactions (e.g. Prokopová et al., 2010; Soukupová et al., 2003) . Acording to Cséfalvay et al. (2009) , we have used F V /F M as the most eff ective parameters for an early detection of Plasmopara viticola infection. F V /F M is parameter relating to photosynthetic activity of leaves (Kitajima and Butler, 1975) . To verify F V /F M eff ectiveness in fi eld, we have analyzed all 30 collected leaves. Distribution of F V /F M over the infected leaves compared to control ones is shown in Fig. 1 . The infected leaf spots in which the fungal infection started to proceed expressed signifi cantly lower F V /F M in all measured susceptible varieties. Since Plasmopara viticola does not spread outside the inoculated area, the measured susceptible grapevine varieties do not mount systemic responses and the Chl-F does not change outside the spots of inoculation (Cséfalvay et al., 2009) .
To compare to which extend is F V /F M decreased in the infected leaf spots, we have extracted Ch-F only over the infected leaf spots and compare with those from controls. Fig. 1 shows the comparison of F V / F M from the healthy leaves and infected spots. In all control healthy leaves F V /F M reached the maximum level, which is around 0.83 (Kitajima and Butler, 1975) . On the contrary, infected spots expressed ca 25% lower F V /F M values, which indicate damage of PSII reaction centers. Typically, F 0 levels were higher while F M levels were lower in infected leaf spots (data not shown). Similarly, Mandal et al., (2009) observed higher F 0 level in Plantago ovata Forsk leaves infected by downy mildew compared to control ones.
The induction kinetics of the Chl-F provides much more information about the primary photochemistry and show clear diff erence between the photochemistry in healthy and infected leaf tissue. Fig. 2A shows normalized Chl-F induction of healthy and infected leaf tissue of Cabernet Sauvignon. When the actinic light is switched on Chl-F starts to change. It increases from F 0 to F P within ca 1 s, which represents changes on the electron donor site of PSII under actinic light. Then, Chl-F starts to decrease down to F S as the electrons are transported from the plastoquinone pool down to photosystem I (acceptor site of PSII).
Infected leaf spots expressed much slower increase of Chl-F, signifi cantly lower F P and much slower decrease from F P down to F S ( Fig. 2A) compared to healthy non-infected tissues. This kinetic expresses much slower electron transport rate both on donor and acceptor site of PSII, i.e. much slower photochemistry in infected leaf tissue. To evaluate how fast the electrons are transported from plastoquinone pool, we have compared the time, in which the Chl-F decrease from F P to F S reached the half value -Fd/2 (Fig. 2B) .
Time of the Fd/2 was much longer in infected leaves (ca 32-45 s) indicating much slower electrons release from PSII and thus damage in PSII acceptor side compared to control non-infected ones (25-32 s). One of the reasons could be decrease of chlorophyll-a concentration within infected leaf tissue (Tab. I).
Pigment analysis
The concentrations of the most abundant plant pigments chlorophyll a (Chla), chlorophyll b (Chlb), Chla/b ratio and carotenoids (Car) are summarized in Tab. I.
In photosynthesis, Chla is the most important pigment for light harvesting process and for the proper function of PSII reaction centers. In infected
1: A: False scale color images of F V /F M (maximum quantum yield of photosystem II) distribution over representative healthy (top panel) and infected (bottom panel) leaves of three susceptible grapevine varieties (Cabernet Sauvignon, Pinot Blanc and Pinot Gris) B: Maximum quantum yield of photosystem II (F V /F M ) of healthy [□] and infected [■] leaf tissue of three sensitive grapevine varieties: Cabernet Sauvignon, Pinot Blanc and Pinot Gris. Columns show mean values for 5 controls and 5 infected leaves for each variety. Standard deviation (SD) shown both for control and infected leaves.
2: A: Chl-F induction kinetics of dark adapted Cabernet Sauvignon leaf tissue captured in vivo by using OpenFluorCam 70 MF. Chl-F induction was recorded after 20 min of dark adaptation under actinic light (200 μmol(photons).m −2 .s −2 ). Mean values for control [○] and infected [•] leaf tissue are normalized to the minimum Chl-F level in dark adapted state (F 0 ), and presented in logarithmic timescale. B: Difference between the time of reaching Fd/2 in dark adapted leaf tissue when exposed to actinic light (200 μmol(photons)m −2 s −1 ). Healthy (□) and infected () leaves of three susceptible varieties were used (Cabernet Sauvignon, Pinot Blanc, Pinot Gris). Fd/2 is time, in which Chl-F of leaves reaches half of the difference between peak fluorescence emission (F P ) and steady state fluorescence emission (F S ) [Fd/2 = (F P − F S )/2]. Columns represent mean values of 5 measurements ± standard deviation.
leaf tissue was approximately half of the Chla concentration which explains much lower F V /F M ( Fig. 1 ) and slower electron transport rate (Fig. 2) . Decrease of Chla concentration in the infected leaf tissue was ca 56% (CS), 58% (PB) and 45% (PG). Similar results have been found in case of Chla+b and Chlb content. One must note that there was noticeable loss of greenness but no necrosis in the infected parts of leaves. Similarly to our fi ndings, reduction of chlorophyll content during the Plasmopara viticola infection was observed by Jermini et al. (2010) and who found ca 50% decrease of Chl a+b, too. Chla/b ratio was founded to be decreasing in all observed infected leaves (Tab. I). Compared to control leaves, where Chla/b ratio ranged from 2.99 to 3.12 in CS, 2.99 to 3.26 in PB and 2.98 to 3.14 in PG, Chla/b ratio in infected leaves decreased up to range between 2.30 to 2.45 in CS, 2.35 to 2.49 in PB and 2.36 to 2.54 in PG. Depending on the stress, Chla/b ratio has been observed to be both increasing (e.g. Nanda and Biswal, 2008; Funayama et al., 1997) or decreasing in infected leaves (Farouk and Osman, 2011) .
Plasmopara viticola infection resulted also in signifi cantly lower Car content than in healthy, control leaves (Tab. I). The highest reduction (~ 80%) was observed in leaves of CS and PG, where Car content of infected leaves varying from 0.48 to 0.58, respectively 0.20 to 0.78 μg cm −2 , compared to control leaves, with the variation of Car content from 1.64 to 3.08, respectively 1.15 to 2.35 μg cm −2 . Reduction of Car content of ~70% founded in PB, where the concentration dropped from the range between 1.17 to 2.01 μg cm −2 of control leaves to range between 0.35 to 0.74 μg cm −2 in infected leaves, which corresponds to Car decrease in downy mildew resistant and susceptible genotypes of pearl millet (Mahatma et al., 2009) .
Refl ectance measurement
To explore also refl ectance properties of the leaf tissue infected by Plasmopara viticola, we have measured refl ectance spectra (400-800 nm) on leaves directly in vineyard. Fig. 3 represents refl ectance spectrum of control and infected leaf tissue of Cabernet Sauvignon leaves. Similar results have been obtained from Pinot Gris and Pinot Blanc leaves. The refl ectance spectrum of representative leaves (Fig. 3) is normalized to maximum refl ectance in green region (550 nm), where Chl-a and Chl-b are absorbing minimally and Car do not absorb at all. Between control and infected leaves, we found visible diff erence in the region 550-700 nm and over 700 nm. For accurate results, diff erences between refl ectance spectra of control leaves and refl ectance spectra of infected leaves have been calculated (data not shown). The diff erence in refl ectance spectra (%), showed the minimum variability in the region 400-500 nm. In the range of refl ectance between 505-515 nm, fi rst visible change connected to carotenoids content (Gitelson et al., 2002) was founded, followed by minimal changes in the region 515-545 nm. Next signifi cant diff erence between control and infected leaf refl ectance spectrum has been found at 550 nm, the wavelength with the maximum refl ectivity of chlorophylls. In the region 550-700 nm, diff erences are visible in the whole spectrum. Lower energy wavelength (700-900 nm) showed the most signifi cant diff erences in 700, 750 and 850 nm.
From the refl ectance spectra we have derived particular vegetative indices with known physiological interpretation. VIs are mathematical transformations of refl ectance at specifi cally selected spectral bands that maximize sensitivity to target biophysical variables and minimize confounding environmental factors (e.g., Myneni et al., 1995) . Several VIs have been developed for remote quantifi cation of leaf chlorophyll content (Chl a+b ) (e.g., Le Maire et al., 2004) and/or other biophysical variables (e.g., Ustin et al., 2004) Chl-a and Chl-b content, and Car are total carotenoids (Cabernet Sauvignon, Pinot Blanc and Pinot Gris). carotenoids content and correlated their values with the analyzed pigments content.
In case of chlorophylls, the highest correlation coeffi cient (R 2 = 0.8769, Fig. 4A ) was found for VI R750/R700 (Gitelson and Merzlyak, 1994) . This VI clearly discriminated the infected leaves with lower chlorophyll content from the control ones. Several known carotenoids indices were inspected to discriminate carotenoids content in control and infected leaves, too. The highest correlation coeffi cient displayed CRI vegetation index (Fig. 4B , Merzlyak et al., 2003) . Both chlorophyll (R750/ R700) and CRI values increased with increased concentration of pigments ( Fig. 4A and B) . Hence they were able to discriminate healthy leaf tissue with higher pigment content and infected leaf tissue with lower pigment content. 
CONCLUSIONS
In this study we aimed at response of grapevine leaves naturally infected by Plasmopara viticola measured by means of Chl-F and refl ectance. Infected leaves have impaired function of photosynthetic apparatus resulting in lower F V /F M and longer time in which Fd/2 is reached. We have verifi ed that Chl-F parameter related to photosynthetic activity (F V /F M ) is eff ective to discriminate healthy and naturally infected leaf tissue in susceptible grapevine varieties (Cabernet Sauvignon, Pinot Blanc and Pinot Gris). Heterogenous distribution of F V /F M over infected leaf tissue can play an important role for detection of infection, as well as it can be a diagnostic tool for an early detection of infection (Cséfalvay et al., 2009) . On the other hand, time of Fd/2 can play some role in remote sensing on the canopy level and localization of infected plants by using 3 spatial dimensions (Bellasio et al., 2012) since it does not require saturating fl ashes. Refl ectance indices followed the variations in pigment content a er the fungal infection. Among others, R750/R700 and CRI were the most potent to follow changes in chlorophylls and carotenoids contents, respectively. We can conclude that these indices can be used as a remote sensing tool to follow pigment changes in vineyards a er Plasmopara viticola infection. More work should be done to test the algorithms in resistant grapevine varieties (e.g. Laurot, Malverina, Cerason, Hibernal).
